Spermatogonial stem cells (SSCs) undergo self-renewal division to support spermatogenesis. Although several positive regulators of SSC self-renewal have been identified, little is known about the mechanisms that negatively regulate SSCs. Here we developed a novel transplantation assay for SSCs and demonstrate that p21 and p27 cyclin-dependent kinase inhibitors play critical roles in SSC self-renewal and differentiation. Overexpression of p21 or p27 abrogated proliferation of cultured SSCs in vitro, and their expression levels were downregulated by exogenous self-renewal signals. In contrast, no apparent defects were found in p21 or p27-deficient SSCs by spermatogonial transplantation. However, competitive spermatogonial transplantation with WT SSCs revealed that the loss of either gene causes distortion of germline transmission: p21-deficiency facilitated mutant offspring production, whereas germline transmission was limited by p27-deficiency. Serial transplantation also showed that the loss of p27, but not p21, decreases secondary colony formation, suggesting that appropriate amounts of p27 are necessary for sustaining SSC selfrenewal. Thus, p21 and p27 cyclin-dependent kinase inhibitors play critical roles in germline transmission by regulating the balance between SSC self-renewal and differentiation, and competitive spermatogonial transplantation technique will be useful for analyzing subtle defects in spermatogenesis that are not evident by traditional spermatogonial transplantation.
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germline transmission | spermatogenesis | stem cell | cyclin-dependent kinase inhibitor | self-renewal S permatogenesis is a dynamic and complex process based on the self-renewal division of spermatogonial stem cells (SSCs). Very few SSCs are found in the testis (0.02-0.03% in a testis cell suspension), but SSCs proliferate throughout life to support spermatogenesis (1, 2) . The balance between SSC self-renewal and pool size necessitates strict control, because excessive self-renewal or differentiation can cause male infertility. Although stem cells are relatively cytokine resistant in many tissues, glial cell line-derived neurotrophic factor (GDNF) promotes self-renewal division of SSCs (3) . Changes in GDNF levels greatly impact on spermatogenesis in vivo: Excessive GDNF expression induces the accumulation of undifferentiated spermatogonia, whereas decreases in GDNF cause hypospermatogenesis and the gradual loss of SSCs (3) . Thus, the regulation of SSC self-renewal is governed by a subtle balance between negative regulatory pathways that maintain mitotic quiescence and positive growth-promoting signals involving GDNF. Although we recently discovered that the Ras-cyclin D2 pathway acts downstream of GDNF to promote SSC self-renewal (4), little is known about how the balance between self-renewal and differentiation is maintained in vivo.
Cyclin-dependent kinase inhibitors (CDKIs) are good candidates for the negative regulation of SSC proliferation. Two families of CDKIs promote cell cycle withdrawal by blocking the activity of cyclin/CDK complexes: the Cip/Kip family, including p21, p27, and p57, and the INK4 family, including p15, p16, p18, and p19 (5) . Whereas INK4 proteins bind to CDK4 or CDK6 and inhibit their activity, Cip/Kip proteins show a broader range of activities and interact with all cyclin/CDK complexes. Cip/Kip proteins are distinct from the INK4 family in that they also stimulate the formation of cyclin D/CDK4/6 complexes to promote proliferation (6) . Importantly, Cip/Kip proteins have additional functions beyond regulating cell divisions and regulate differentiation. For example, enforced expression of p21 or p27 induces the differentiation of neuroblastoma cells and myelomonocytic leukemia cells (6) . Although KO mice have been produced for Cip/Kip family genes, no apparent SSC phenotype has been reported, and the effects of these genes remain unclear (7, 8) .
Because stem cells comprise only a small population and are defined retrospectively through the analysis of daughter cells, studies to analyze SSCs have been hampered by difficulties in distinguishing SSCs from committed spermatogonia. In 1994, however, a spermatogonial transplantation technique was developed (9) . With this technique, SSCs can be detected by their ability to generate germ cell colonies after microinjection into seminiferous tubules of infertile recipient animals. Eventually, recipient animals can produce donor-derived offspring by mating with WT females. Because differentiated progenitor cells do not have self-renewal capacity, only SSCs can produce these results. Although this technique has been used extensively to study SSCs, the degree of SSC self-renewal and differentiation is difficult to evaluate by morphological analyses of germ cell colonies. Moreover, measurements of SSC numbers do not necessarily correlate with long-term functional capacities. In fact, declining fertility is reported after serial SSC transplantation, which raised question about whether transplanted SSCs are fully competitive as WT SSCs before transplantation (10) .
In the present study, we report a unique SSC transplantation assay, in which stem cell function of a mutant donor is assayed by mixing with WT SSCs. Although spermatogonial transplantation failed to reveal abnormalities in p21 and p27 KO SSCs, p21 and p27 deficiencies have contrasting effects on germline transmission efficiency when they were mixed with WT SSCs. Moreover, serial transplantation showed decreased secondary colony production from p27 KO SSCs. This strategy of SSC analysis will be useful for comparing long-term SSC function and is capable of detecting subtle defects that escape detection by conventional transplantation technique.
Results
Effects of p21 and p27 CDKIs on Cultured SSCs. To identify molecules that negatively regulate SSC proliferation, we used germline stem (GS) cells, cultured SSCs (11) . The addition of GDNF and EGF and/or basic fibroblast growth factor (bFGF) induces SSC proliferation in vitro. Approximately 1-2% of the GS cells have SSC activity (4) . GS cells from WT mice were infected with lentivirus vectors expressing candidate genes and Venus fluorescent marker gene under the control of an elongation factor2 promoter. Using this strategy, we found that overepression of p21 or p27 CDKIs compromises GS cell proliferation. When the transfected cells were analyzed 3 d after infection, significantly smaller numbers of Venus þ cells were found after CDKI overexpression in all six separate experiments ( Fig. S1 A and B) . In particular, very few germ cell clumps showed fluorescence after p21 overexpression, suggesting that the transfected cells proliferated more slowly than WT cells or died shortly after transfection. Some clumps, however, remained after p27 overexpression at 21 d, but significantly fewer clumps were observed as compared to controls (Fig. S1C) . In contrast, cells transduced with an empty vector showed strong fluorescence and the cells could be passaged every 5-6 d. Flow cytometric analysis at 10 d postinfection also confirmed the reduction in Venus þ cells after CDKI overexpression. Cell cycle analyses also showed the growth suppression due to p21 overexpression (Fig. S1D) .
We then examined whether p21 or p27 expression is influenced by exogenous cytokines. Real-time PCR analysis showed a significant reduction in p21 and p27 expression due to cytokine stimulation (Fig. S1E) . The combination of EGF and bFGF showed a comparable effect as GDNF, and the addition of all cytokines suppressed the p21 and p27 levels to 25.8% and 19.0%, respectively. These in vitro results indicated that p21 and p27 CDKI levels are regulated by exogenous cytokines and also suggested that both genes may negatively regulate SSC proliferation in vivo.
SSC Activity of p21 and p27 KO Testis Cells After Spermatogonial Transplantation. To examine the effects of p21 and p27 genes in vivo, we analyzed testes of p21 and p27 KO mice. Both mutant mice survived to birth and matured into adults. Whereas p21 KO mice appeared normal, p27 KO mice exhibited multiple organ hyperplasia and females were infertile due to poor ovarian follicle development (7, 8) . In contrast, both p21 and p27 KO males produced spermatozoa and were fertile, suggesting normal spermatogenesis. However, whereas testes from p21 KO mice were comparable to those of WT mice, testes from p27 KO mice were significantly larger (Fig. 1A) . Although flow cytometry showed normal size of p21 and p27 KO spermatogonia, cell cycle analyses revealed that EpCAM þ spermatogonia from both mutants proliferated more actively than those of WT mice, and significantly more cells were found in the G2/M phase (Fig. 1B) . However, whereas real-time PCR analyses showed no compensatory upregulation of p21 or p27 in either type of KO mice, expression of E-cadherin or promyelocytic leukemia zinc finger (PLZF), markers for undifferentiated spermatogonia (12) (13) (14) , was significantly reduced (Fig. 1C) , suggesting that undifferentiated spermatogonia in these mice comprise relatively smaller population.
To study the function of SSCs, we used spermatogonial transplantation (Fig. 1D) . Donor testis cells were marked by mating the KO animals with a transgenic mouse line C57BL6/Tg14 (act-EGFP-OsbY01) (green mice) that ubiquitously expresses enhanced green fluorescent protein (EGFP). Preliminary transplantation of mutant cells into nonablated WT testis did not result in colonization, thus suggesting that mutant SSCs do not have an enhanced ability to compete for the niche that is occupied by WT SSCs. We then transplanted the mutant cells into empty tubules to quantify SSC number. In three separate experiments, the same number of mutant and WT testis cells were transplanted into adult WBB6F1-W∕W v ðWÞ mice that were deficient for spermatogenesis due to c-kit gene defects (15) . Two months after transplantation, the recipient mice were sacrificed and their testes were analyzed for colonization under UV light. Both p21 and p27 KO donor cells produced germ cell colonies that were similar to those of WT mice. We found no apparent abnormalities in the length and the morphology of the colonies, which suggested normal proliferation and differentiation of transplanted SSCs (Fig. 1D ). The p21 KO cells and WT cells produced 4.7 AE 0.8 and 4.2 AE 0.5 colonies of donor-derived spermatogenesis∕10 5 cells injected, respectively, and this difference was not statistically significant (Fig. 1E) . In contrast, the p27 KO cells produced significantly smaller numbers of colonies as compared to WT cells, and the number of colonies generated was 2.0 AE 0.5 and 3.8 AE 0.5∕10 5 cells injected for p27 KO cells and WTcells, respectively. Because each colony was derived from a single transplanted SSC (16, 17) , these results indicated that the SSC concentration in p27 KO mice was significantly lower than that of WT mice. Although the total number of SSCs per testis (cell recovery × concentration of SSCs in the injected cell suspension determined by transplantation) was increased for the WT background (1482 vs. 1160 for WT and p27 KO cells), the difference was not significant. These results show that both p21 and p27 KO testis contain similar numbers of SSCs.
Transmission Distortion by Competitive Spermatogonial Transplantation. Although these transplantation experiments showed no apparent SSC abnormalities, we speculated that subtle imbalances in SSC self-renewal and differentiation might not be evident in a morphological analysis of germ cell colonies using a simple transplantation assay. To overcome this problem, we cotransplanted WT and mutant cells into the same recipient, and analyzed cell differentiation potential by confirming the genotype of the offspring ( Fig. 2A) . We collected single cell suspensions from p21 or p27 KO pup testes that were enriched for SSCs due to the absence of differentiated cells (18) . Testis cells from each mutant mouse were mixed at a 1∶1 ratio with those from control WT mice of the same age. The mixed testis cells were then transplanted into 5-10 day old W recipient pups to produce offspring from the transplanted SSCs. Previously, we showed that immature recipients are superior to adult recipients in restoring fertility due to the enhanced SSC colonization (18) . Recipient males were housed with two or three WT B6 females, at least 4 weeks after transplantation. Two separate experiments were performed for p21 KO mice, whereas three experiments were carried out for p27 KO mice. About 3 × 10 5 cells were transplanted into each recipient testis.
Within 3 months after transplantation, 3∕8 and 3∕9 recipient males that received p21 or p27 KO SSCs, respectively, became fertile (Table S1 ). Histological analyses of both types of recipients confirmed normal spermatogenesis (Fig. 2B) . When the offspring genotypes were confirmed by genomic PCR using tail DNA, transmission rate distortion of the donor haplotype was noted in both experiments ( Fig. 2 C and D) . For p21 experiments, 212 offspring were produced from the three recipients, and the animals were maintained as long as 304 d after transplantation. PCR analysis revealed that 206∕212 offspring contained the neo gene. All of these offspring were heterozygous for the p21 gene, because the recipient males were mated with WT females. The percentage of these heterozygous males was 97.2 AE 1.8% from each recipient. In contrast, for p27 experiments, a total of 98 offspring were produced during 205 d from the three recipients that received p27 KO testis cell transplantation. WT offspring, however, were predominantly produced from the recipients, and only 12∕98 offspring were heterozygous for the p27 gene. Although the overall percentage of heterozygous offspring was 12.2%, one of the recipient males produced as many as 10 heterozygous offspring. Moreover, these offspring were born within 98 d after transplantation, and no heterozygous offspring were produced from this male up to 195 d.
Impact of p21 and p27 Deficiencies in Self-Renewal Divisions of SSCs.
To directly examine the impact of p21-and p27-deficiency on SSC self-renewal, we performed serial transplantation (Fig. 3A) . In normal testes, SSCs are kept under constant pressure to differentiate and produce sperm. The most generally accepted hypothesis is that SSCs undergo only two types of cell division: They produce either two stem cells (self-renewal division) or two progenitor cells (differentiating division) (1). Each division occurs at about the same frequency. After transplantation, however, SSCs are thought to undergo self-renewal divisions more frequently than differentiation divisions, and thus increase their numbers (19) . Because the number of colonies in the recipient testis indicates the number of SSCs that initially colonized the testis, the number of SSCs that were produced by subsequent divisions may be determined by transplantation into another testis. We collected testis cells from WT and mutant donors that contained the EGFP transgene. After dissecting out colonies in each recipient testis at 10 weeks posttransplantation, the tubules were dissociated into single cells and suspended in 15-21 μl of injection medium. The number of cells recovered from the three types of recipients ranged from 0.4 − 3.0 × 10 6 cells, with an average of 1.6 × 10 6 cells. Differences among donors were not significant. Approximately 4 μl of the cell suspension was microinjected into three secondary recipient testes.
Analysis of the secondary recipient testes at 2 months after transplantation revealed that significantly fewer SSCs were produced from the p27 KO donor testis cells (Fig. 3 B and C) . Although 13∕14 transplantations showed colony number increases (total regenerated colony number-primary colony number used for transplantation) in experiments using WT and p21 KO mice, only 5∕14 transplantations showed increase in experiments using p27 KO mice, indicating that the SSCs in p27 KO mice produced smaller numbers of secondary colonies. Assuming that 10% of the SSCs can colonize (19) , and that each colony is produced by one SSC (16, 17) , the multiplication of colony numbers (total regenerated colony number × 10∕ primary colony number used for serial transplantation) were 7.2 AE 1.6 (n ¼ 14) and 29.3 AE 4.0 (n ¼ 14) for p27 KO cells and WTcells, respectively (Table S2) . The difference between p27 KO and WT cells was significant. In contrast, p21 KO cells produced comparable numbers of secondary colonies with WTcells, and the average number of colonies per primary colony was 26.6 AE 5.9 (n ¼ 14). No significant difference was observed in the self- renewal capacity of SSCs between p21 KO and WT cells. The doubling times of the SSCs during the 10-week period were 14.4, 14.8, and 24.6 d for WT, p21 KO, and p27 KO SSCs, respectively (Fig. 3D) .
Discussion
Spermatogonial transplantation technique provided the first functional assay for SSCs. It has been used to detect SSCs and determine whether abnormal spermatogenesis is caused by germ cell defects or their respective microenvironments. This technique is also useful for assessing SSC numbers quantitatively. For example, when a mixture of two testis cell populations were transplanted at a 1∶1 ratio, recipient testes contained a near 1∶1 ratio of colonies with each of the two genotypes (16) . However, spermatogenesis is not completely normal after transplantation, and multiple abnormalities that are associated with transplantation, such as increased apoptosis or missing layers of germ cells (20) , raise questions about the efficiency and quality of spermatogenesis after transplantation. In this study, we developed a competitive spermatogonial transplantation technique to provide a selective pressure to identify SSCs with high capacity for competitive long-term repopulation. In its concept and design, the technique is somewhat similar to competitive repopulation technique in hematopoietic stem cells (HSCs) (21) . Forced competition against WT SSCs allowed direct functional comparisons between the two donors in a quantitative manner under consistent microenvironmental stimuli. Using this method, growth factors, nutrient conditions, and systemic environments such as hormonal levels are provided equally for both donors in the same recipient animal. This was particularly important in this study, because abnormalities are reported for both Sertoli and Leydig cells in p27 KO mice (22, 23) . Furthermore, although periodic sperm sampling from the same individual is difficult in mice, this technique allows for the monitoring donor cell dynamics over a long period. Thus, competitive spermatogonial transplantation will be useful for functional analyses of spermatogenesis. Using this technique, we found transmission distortion of mutant SSCs with contrasting results: p21-deficiency facilitated the production of mutant offspring, whereas it was severely limited by p27-deficiency. In contrast, p21 and p27 overexpression inhibited GS cell proliferation. These results suggested that p21 and p27 levels are important in maintaining normal proliferation of SSCs and/or progenitor cells. In fact, studies of other self-renewing tissues also suggested the involvement of CDKIs in regulating the stem cell quiescence and pool size. In general, p21 is thought to act on quiescent stem cells, whereas p27 is a progenitor-specific inhibitor for repopulation efficiency (24) . During hematopoiesis, for example, whereas p21 governs cell cycle entry of HSCs, p27 does not affect HSC number, cell cycling, or selfrenewal but has an impact on the cell cycle of progenitors (24) . Likewise, p21-deficiency influences the number and proliferation of neural stem cells (NSCs) (25) . Although mutant animals initially have increased numbers of NSCs due to excessive proliferation, the levels decrease as they age due to exhaustion.
Recent studies using male germ cells also suggest that p21 plays an important role in SSCs: Atm-deficient undifferentiated spermatogonia upregulates p21, which is responsible for cell cycle arrest upon DNA damage (26) . Suppression of p21 can partially restore SSC activity in Atm KO mice, but its normal function remains unclear. In this study, we showed that p21 levels are regulated by exogenous cytokines and that ectopic overexpression of p21 leads to growth inhibition. In contrast, p21-deficiency does not alter SSC number or self-renewal activities, which suggested that transmission distortion was caused by defects in more differentiated cells. On the other hand, reduced PLZF expression suggested smaller size of undifferentiated spermatogonia population, and these conflicting observations make it difficult to explain why germline transmission occurred predominantly from p21 KO cells. Nevertheless, given the increased mitotic activity of whole spermatogonia population, we speculate that more differentiated type of spermatogonia, such as type A 1-4 or B spermatogonia, are proliferating more actively and caused transmission distortion by increasing the population size or differentiating faster. Alternatively, it may result from an advantage of p21 KO germ cells to progress through meiosis; p21 is most strongly expressed in pachytene spermatocytes and spermatids in normal testis.
On the other hand, p27-deficiency had a direct effect on SSC. We initially assumed that p27-deficiency would not influence germline transmission, because Sertoli cells have been hypothesized as being responsible for the large testis phenotype of p27 KO mice: p27 has been detected only in Sertoli cells and germ cells were thought to be normal (27) . However, offspring were rarely produced from p27 KO cells after competitive transplantation, which suggested defects in germ cells. Although the possibility of Sertoli cell colonization cannot be totally excluded, another study also showed the important role of p27 in germ cells: mice deficient in Skp2, which mediates ubiquitin-dependent degradation of p27, exhibited a progressive loss in spermatogenic cells (28) . Furthermore, disruption of p27 in these mice restored fertility, suggesting that testicular hypoplasia of Skp2 mutant mice is attributable to the antiproliferative effects of p27 accumulation. Therefore, although p27 has not been detected at protein levels in the germline, these results suggest that germ cells also contribute to the large testis phenotype of p27 KO mice, and that it probably has an important influence on the fate decision of SSCs.
Although p27 KO mice show a comparable number of SSCs per testis, our serial transplantation experiments showed reduced secondary colony formation from p27 KO SSCs. It is possible that loss of p27 might have accelerated senescence/differentiation. However, because p27 KO mice remain fertile for long-term and produce significantly more sperm than WT mice (23), we rather speculate that decreases in p27 levels in SSCs may enhance the production of progenitor cells by increasing the relative frequency of differentiating divisions. On the other hand, we also showed using GS cells that p27 overexpression compromises proliferation and that increase in self-renewal factors decreases p27 mRNA levels. Besides transcriptional regulation, p27 is also regulated by protein degradation (29) . We recently found that self-renewal signals promote the export of p27 from the GS cell nucleus (4) . Therefore, appropriate levels of p27, as well as its cellular location, are required for undergoing self-renewal divisions, and this appears to be regulated in a sophisticated manner by changes in the local self-renewal factor levels in the seminiferous tubules. Disturbance in this regulation may cause abnormalities in SSC self-renewal.
Besides regulating mitosis, p27 is involved in meiosis. Testes from p27 KO mice have a significant number of abnormal leptotene spermatocytes that cannot enter the meiotic prophase (27) . Strikingly, some of these spermatocytes attempted to carry out mitotic divisions instead of entering into prophase. Furthermore, p27 KO cells may have impaired migratory activity: p27 binds to RhoA and inhibits its activation by interfering with the interaction between RhoA and its activators (30) . Impaired migratory activity can interfere with several steps of spermatogenesis, such as the migration of preleptotene spermatocytes through the blood-testis barrier. Collectively, these factors may have decreased the efficiency of spermatogenesis and caused transmission distortion despite the expanded pool of progenitor cells (Fig. 3E) .
Our study revealed a critical role for p21 and p27 CDKIs in regulating germline transmission from SSCs. Although the small population size of SSCs makes it difficult to study their dynamics, competitive spermatogonial transplantation techniques have proved to be more sensitive in detecting subtle abnormalities in spermatogenesis in a quantitative manner. Moreover, serial transplantation techniques were instrumental in analyzing effects on SSC self-renewal. This strategy of analyzing the dynamics of SSCs in vivo can be extended to different mouse mutants, and further analysis of CDKIs will help to determine how self-renewal and differentiation are differentially regulated in SSCs.
Materials and Methods
Animals and Transplantation. The p21 KO mice were purchased from the Jackson laboratory, and p27 KO mice were kindly provided by K. Nakayama (Kyushu University). Both strains of mice were maintained on a B6 background. In some experiments, we also used a Green mouse that expressed the EGFP gene ubiquitously to mark the donor cells (M. Okabe, Osaka University). For spermatogonial transplantation to quantify SSC number, testis cells were collected from 4-6 week old mice. Donor cells were collected by two-step enzymatic digestion using collagenase and trypsin (both from Sigma). Dissociated cells were introduced into the seminiferous tubules of pup (5-10 d old) or adult (4-6 weeks old) W mice (Japan SLC) via an efferent duct. To produce offspring, testis cells were obtained from 5-10 d old mice. The Institutional Animal Care and Use Committee of Kyoto University approved all of the animal experimentation protocols.
Cell Culture and Transfection. GS cells were cultured on mouse embryonic fibroblasts (MEFs) as described previously using StemPro-34 SFM (Invitrogen) (11) . For real-time PCR, the cells were cultured on laminin (20 μg∕mL; BD Biosciences) to avoid contamination of MEF-derived RNA. For lentivirus transduction, mouse cDNAs encoding p21 or p27 (both from Addgene) were cloned into CSII-EF-IRES-Venus, and virus particles were produced by transient transfection of 293T cells, as described previously (4) . All infections were conducted on MEFs by centrifuging at 3000 × g for 1 h at 32°C in the presence of 10 μg∕mL polybrene (Sigma). GS cells were infected overnight at a multiplicity of infection of 35 for overnight (4 × 10 4 cells∕cm 2 in 6-well plate).
PCR. Total RNA was isolated using Trizol reagent, and first strand cDNA was synthesized using Superscript™ II (both from Invitrogen). Real-time PCR was performed using the StepOnePlus™ Real-Time PCR system and Power SYBR Green PCR Master Mix (Applied Biosystems) with the PCR primers listed in Table S3 . All transcript levels were normalized to those of Hprt1. The PCR conditions were 95°C for 10 min, followed by 40 cycles at 95°C for 15 s, and 60°C for 1 min. Experiments were performed on at least two independent samples, and each PCR was run in triplicate. Genotypes of p21 and p27 KO mice were determined using the PCR primers listed in Table S4 .
Analysis of the Recipient Testes. In experiments using Green mice, SSC colonization was determined by observation of fluorescence under UV light. Colonies were defined as germ cell clusters longer than 0.1 mm occupying the entire circumference of the tubule. For the morphological examination, testes were processed for paraffin sectioning and counterstained with hematoxylin and eosin.
Cell Cycle Analysis. Testis cells were selected by rat antimouse EpCAM antibody (G8.8; BD Bioscience) using procedures as previously described (26) . EpCAM þ cells were then incubated with Hoechst 33342 (Sigma) at 12.5 μg∕mL for 45 min at 37°C and suspended in phosphate-buffered saline/1% fetal calf serum containing 1 μg∕mL propidium iodide (PI; Sigma). Cells were analyzed on a FACSAria2 equipped with a 375-nm UV laser (BD Biosciences). Dead cells and nonspermatogonial cells were gated out by high PI staining and forward scatter.
Statistical Analysis. Results are presented as the mean AE SEM. Data were analyzed using a Student's t test. Significant differences in the CDKI expression and serial transplantation were determined by a Tukey's honestly significant differences multiple comparisons test.
